ABSTRACT Exotic predators are sometimes introduced into agricultural ecosystems to aid in biological control of crop pests. Besides direct effects, such as consumption, introduced predators can have indirect effects on smaller predators and herbivores through chemically mediated shifts in behavior. We tested whether the chemical cues of Tenodera aridifolia sinensis (the Chinese praying mantis) affected the movement and foraging of the native wolf spider Pardosa milvina. Comparisons of behavior in paired-treatment arenas revealed that P. milvina spent a greater amount of time immobile, had a greater residence time, and moved at a signiÞcantly slower speed on T. a. sinensis cues relative to a blank control. While this reduced movement may reduce the probability of predation, it has a cost in terms of foraging. P. milvina gained less mass and had a smaller increase in abdomen width after foraging in microcosms containing T. sinensis cues relative to blank controls. The response of P. milvina to chemical cues of mantids is similar to the response of this small wolf spider to chemical cues from a larger, coexisting wolf spider predator. While these effects appear important in the lab, further studies are needed to evaluate the impact of cues on populations of P. milvina in the Þeld.
CHEMICAL CUES PRODUCED BY predators (i.e., kairomones) are widely used by a variety of invertebrate prey to estimate the risk of predation (reviewed in: Kats and Dill 1998, Dicke and Grostal 2001) . The presence of predator kairomones may cause behavioral shifts in potential prey that protect them from being captured (Lima and Dill 1990, Kats and Dill 1998) . However, frequently, those behavioral shifts come at a cost if they are energetically expensive or result in lost foraging or mating opportunities (Magnhagen 1991 , Dill and Fraser 1997 , Stoks et al. 1999 . Thus, prey should only respond to known predators and should trade-off the degree of antipredator behavior with investments in other activities such as foraging or locating mates (Sih 1980 , Magnhagen 1991 , Dicke and Grostal 2001 .
Most studies of chemically mediated antipredator behaviors have focused on systems in which the predator and prey species share a long evolutionary association (Kats and Dill 1998, Dicke and Grostal 2001) . However, the introduction of predators for biological control has resulted in situations in which native species have become the prey of evolutionarily "new" predators. For example, the Chinese mantid (Tenodera aridifolia sinensis Saussure; Mantodea, Mantidae) was introduced into the United States in the early 1900s for the biological control of agricultural crop pests (Jones 1933) . Because mantids are generalist predators, they may prey upon many species of native herbivores and even other predators. In fact, several studies have documented that mantids can decrease population densities of native wolf spiders (Araneae, Lycosidae) by both consuming and increasing emigration rates of these native predators Eisenberg 1990, Moran et al. 1996) . These negative impacts on native predators could reduce the net beneÞt of introducing mantids for biological control (Sih et al. 1998 , Hodge 1999 .
There is increasing evidence that wolf spiders make extensive use of chemical cues in detecting prey and potential predators (Hoeßer et al. 2002 , Persons and Rypstra 2000 . For example, Pardosa milvina Hentz (Araneae, Lycosidae) detects chemical cues from a larger syntopic wolf spider, Hogna helluo (Walckenaer), and adjusts the amount of antipredator behavior in accordance with the age of the cues (Barnes et al. 2002) , the predatorÕs diet , and predator size . In general, these cues lead to a reduction in movement, which can lead to reduced foraging and lower reproduction . P. milvina is one of the most common wolf spiders in the agricultural Þelds in eastern North America (Marshall et al. 2000) , and have been shown to reduce foraging in several common pest species (Hlivko and Rypstra 2003) . Thus, if P. milvina recognize and display similar antipredator behavior in the presence of mantid cues, then the net beneÞt of introducing mantids into the food web may be reduced.
The purpose of this study was to test whether there are any effects of the presence of excreta from T. a. sinenesis on the behavior of the wolf spider P. milvina. We Þrst examined whether chemical cues (i.e., excreta) from this introduced species of mantis affected the movement of P. milvina. In addition, we examined whether this antipredator behavior was costly to P. milvina in terms of foraging by recording prey capture and mass gain in the presence and absence of chemical cues. If P. milvina is able to identify and respond to chemical cues from an exotic species of mantid, then we expected to observe lower movement and foraging in the presence of excreta from this predator, as has been found for P. milvina in the presence of chemical cues from the larger wolf spider H. helluo .
Materials and Methods
General. T. a. sinensis were hatched from an ootheca (purchased from Carolina Biological, Burlington, NC) and raised to maturity in the lab from February to May 2003. Upon hatching, individuals were placed in translucent plastic containers (8 cm diameter ϫ 5 cm high) with a moistened peat moss substrate and fed three fruit ßies (Drosophila hydei) twice weekly. When T. a. sinensis reached the third stadium, they were transferred to larger cups (10 cm diameter ϫ 12 cm high) with a peat moss substrate and mesh lids. From the third stadium through adulthood, T. a. sinensis were fed two to four appropriately sized crickets twice per week. Only adult female T. a. sinenesis (150 Ð 450 mg) were used for cue collection.
We collected adult female P. milvina (Ϸ20 mg) from soybean Þelds (Ecology Research Center, Miami University, Oxford, Butler County, OH) from April through May 2003. Voucher specimens of P. milvina from the population at the Miami University Ecology Research Center have been deposited in Miami UniversityÕs Hefner Zoology Museum. P. milvina were fed either three fruit ßies (Drosophila hydei) or two domestic cricket nymphs (Acheta domesticus) twice weekly. All spiders were housed in translucent plastic containers (8 cm diameter ϫ 5 cm high) with a peat moss substrate that was kept moist. No spiders or mantids were used more than once. All experimental animals were housed in an environmental chamber with constant temperature (25ЊC) and a 13:11 light: dark cycle.
Experiment 1: Movement. In this experiment, we tested the effects of T. a. sinensis excreta on the movement of P. milvina. Excreta from a single T. a. sinensis were collected to be used as chemical cues in each experimental trial. No T. a. sinensis was used to collect cues for more than one trial. We fed each adult female T. a. sinensis 10 large cricket nymphs for 24 h before cue deposition. Cues were collected for 24 h on Þlter paper in half of a circular arena (18.5 cm in diameter). Before each trial, clumps of excreta were crushed and evenly spread on the half sheet of Þlter paper with a clean paint brush to create a uniform surface on which to measure the effect of cues on behavior.
Movement responses of P. milvina to T. a. sinensis chemical cues were tested in arenas (n ϭ 12, 18.5 cm in diameter) containing a half sheet of clean Þlter paper on one side and a half sheet of Þlter paper with excreta cues on the other side . The arenas were left without a cover for the duration of the experiment to prevent any potential airborne cues from concentrating in the arena. The positions of the cue and control sides were randomly selected in each trial. Spiders were allowed to acclimate for 1 min under a glass vial in the center of the arena, where a small circle had been cut out of the Þlter paper. Movement behaviors were recorded with a Sony Handicam Hi8 video camera that fed into an automated digital data collection system (Videomex V; Columbus Instruments, Columbus, OH). Trials were run for 1 h, during which the activity of the spiders was recorded every second and sent to a computer every 5 min. Information on 1) time spent in nonforward movement (e.g., turning or moving appendages), 2) time spent walking, 3) time spent immobile, 4) residence time on each side of the arena, 5) distance traveled (cm), and 6) speed of movement (cm/s, calculated by dividing the distance traveled by the time spent walking) was summed over the 1-h trial. Paired t tests were used to compare the behaviors of individuals on the cue and control sides of the arenas.
Experiment 2: Foraging. In this experiment, we tested the effect of T. a. sinensis chemical cues on the foraging of P. milvina in clear plastic containers (10 cm diameter ϫ 12 cm high, hereafter microcosms). Adult female T. a. sinensis were fed seven adult crickets for 24 h and then allowed to deposit cues in microcosms for 48 h. Before placing spiders in the microcosms, mantids were removed and clumps of excreta were crushed and evenly spread on the plastic bottom of the microcosm. As with the Þrst experiment, the arenas were left without a cover for the duration of the experiment.
Each P. milvina was provided with six pinhead crickets for 24 h. Then any remaining prey were removed, and the spiders were starved for 5 days before trials to equalize hunger. After a 10-min acclimation period for P. milvina, Þve pinhead crickets were introduced into each cue (n ϭ 10) and control (n ϭ 9) microcosm. P. milvina were allowed to forage in the microcosms for 90 min. For each P. milvina, we measured the mass to the nearest 0.1 mg before and after each trial and the number of crickets killed. Independent sample t tests were used to compare the number of crickets killed and the change (i.e., change ϭ Þnal Ðinitial) in mass and abdomen width between cue and control treatments.
Results
Experiment 1: Movement. Chemical cues from T. a. sinensis resulted in a reduction in the movement of P. milvina (Fig. 1) . P. milvina spent a greater amount of time immobile on cue than control sides (df ϭ 11, t ϭ 2.48, P ϭ 0.03). When they did move, P. milvina walked at a slower speed on the cue (mean Ϯ 1 SE; 2.44 Ϯ 0.26 cm/s) relative to the control (2.88 Ϯ 0.42 cm/s) side of the arena (df ϭ 11, t ϭ 2.17, P ϭ 0.05). Because of low movement rates, spiders spent a greater amount of time on the cue than the control side of the arena (df ϭ 11, t ϭ 3.09, P ϭ 0.01). There was no effect of T. a. sinensis cues on the time spent in nonforward movement (df ϭ 11, t ϭ 1.15, P ϭ 0.28), time spent walking (df ϭ 11, t ϭ 1.82, P ϭ 0.10), and distance moved (df ϭ 11, t ϭ 0.012, P ϭ 0.99).
Experiment 2: Foraging. There was no difference in the mass of P. milvina in the cue (mean Ϯ 1 SE; 20.5 Ϯ 1.2 mg) and control (20.3 Ϯ 1.6 mg) treatments before running the experiment (df ϭ 17, t ϭ 0.075, P ϭ 0.94). However, after 90 min in the microcosms, there were signiÞcant differences in foraging between spiders in the presence of cues from T. a. sinensis excreta in comparison with blank control containers with no arthropod cues (Fig. 2) . The effect of T. a. sinesis cues was relatively large as control spiders gained 17 times more mass (df ϭ 17, t ϭ 2.18, P ϭ 0.04) than spiders in microcosms with T. a. sinensis chemical cues (Fig.  2) . Interestingly, this difference may have been caused by the rate at which they removed material from the prey items, as there was no difference between cue and control spiders in the number of crickets killed ( Fig. 2 ; df ϭ 17, t ϭ 0.94, P ϭ 0.36).
Discussion
Chemical cues from the introduced predator, T. a. sinesis, clearly had an inßuence on the behavior of a common native species, P. milvina. Both the overall level of activity and the feeding rate of P. milvina were reduced in the presence of mantid excreta. Reduced movement may beneÞt P. milvina because praying mantids rely on vision for prey detection and capture (Kral 1998) and speed is an important component of the visual information used in prey capture . Prey that move at higher speeds are more likely to be struck at by mantids ). Thus, reduced speed and greater time immobile by P. milvina in the presence of mantid cues may result in a lower probability of being captured by mantids. Similarly, reduced movement of P. milvina in the presence of cues from a larger visual and vibratory hunting wolf spider H. helluo reduced the probability that an individual was preyed upon .
However, reduced movement has a cost in terms of reduced foraging. P. milvina in microcosms containing T. a. sinensis chemical cues gained less mass relative to controls. While there was no difference in the number of prey killed, P. milvina killed most of the prey in the microcosms. Similar numbers of prey captured, but lower mass gain, suggest that it may have taken P. milvina on predator cues a longer time to capture the prey, which then left them less time to consume the prey they had captured. This is supported by the fact that prey boluses had to be removed from the chelicerae of many spiders at the end of the experiment. In addition, P. milvina on mantid cues may have processed prey more slowly than control spiders. It is not surprising that reduced movement in the presence of predator cues resulted in reduced foraging because P. milvina is known to be an active forager (Walker et al. 1999) . The effects of predator cues on foraging may have important consequences for the Þtness of P. milvina because egg production is often strongly linked to food consumption in spiders (Wise 1993) . Similar antipredator behavior in the presence of cues from H. helluo resulted in lower body condition, egg sac mass, and number of eggs during periods of long-term exposure to predator cues . Thus, P. milvina may be confronted with a trade-off between reducing move- Fig. 1 . Comparisons of the movement of P. milvina on the sides of the arena with no cues (control) and praying mantis cues (mean ϩ 1 SE). Behaviors: NF ϭ time in nonforward movement, W ϭ time walking, I ϭ time immobile, R ϭ residence time (on half of arena), D ϭ distance traveled. SigniÞcance: *, P Ͻ 0.05. Fig. 2 . Comparisons of the number of crickets killed and change in mass of P. milvina after 1.5 h of foraging in microcosms with no cues (control) or praying mantis cues. SigniÞcance: *, P Ͻ 0.05. ment to increased survival and increasing movement to increased foraging success (Walker and Rypstra 2003) .
There is some evidence from the Þeld to suggest that Chinese mantids affect the behavior of wolf spiders. Moran et al. (1996) observed that emigration of wolf spiders was greater in plots with mantids. However, more studies are needed to evaluate whether chemical cues are responsible for emigration of wolf spiders and to determine the impact of chemical cues on spiders in the Þeld. There could be more distinct differences in foraging between areas with and without cues in natural situations where prey may be able to escape more easily than was possible in our containers and where encounter rates with prey may be lower. However, overall effects of cues may also be lower because of lower concentrations and more clumped distributions of mantid cues in the Þeld. Cues may also have less of an impact in the Þeld if their effectiveness declines with cue age (Barnes et al. 2002) or with moisture or heat (Wilder et al. in press) . Evaluating the effect of mantid cues in nature could be accomplished by comparing responses in control plots with no mantids to treatment plots with mantids whose feeding structures have been glued closed (similar to the design used in Schmitz et al. 1997) .
Little information is available on the chemical composition of predator kairomones detected by P. milvina. One explanation for reduced movement in the presence of H. helluo and T. a. sinenis cues is that it is a generalized response to similar metabolic compounds in invertebrate, or predatory invertebrate, excreta. However, several studies provide evidence that P. milvina is able to discriminate among the excreta of some invertebrates. For example, among predators, P. milvina respond to cues of H. helluo with increased climbing, whereas cues from T. a. sinensis result in no vertical shift in movement (our unpublished data). P. milvina also respond to excreta from prey, such as crickets, with increased movement, which is the opposite of the response to predator cues (Koper 2003) . In addition, P. milvina do not show any changes in behavior in the presence of excreta from conspeciÞcs, which would likely contain some compounds similar to those of other predators because of the metabolism of similar invertebrate prey items . Thus, it appears that P. milvina are able to discriminate between, and differentially respond to, excreta from predators, prey, and conspeciÞcs.
P. milvina were able to detect and respond to cues from an exotic predator with which they have had only a limited evolutionary exposure (i.e., Ͻ100 yr). While it is possible that this response is caused by rapid evolution in response to strong selection pressure (Grant and Grant 2002) , it is unlikely that the required neurophysiological adaptations would have had time to evolve and spread through the populations. A more likely explanation is that the chemical cues from the exotic species of mantid are similar to those of a native confamilial species (Stagmomantis carolina; Mantodea, Mantidae) with which P. milvina has had a longer evolutionary history. Given the potentially large differences between the chemical cues of native predators (e.g., larger spiders, mantids, and carabid beetles), P. milvina may have only needed to evolve a relatively coarse ability to discriminate between predator types. Even if the cues of the introduced and native mantids are not identical, selection for the structures required to detect the cues of the native mantid may have created a preadaptation to aid in the selection of structures to detect relatively similar cues from the introduced mantid. Thus, P. milvina may be unable to distinguish between the excreta of confamilial mantids and may display an adaptive antipredator response to an unknown predator species.
The net beneÞt of introducing mantids may depend on the detrimental effects they have on biological control by native species. P. milvina may be important in the biological control of crop pests because they can reach high densities in agricultural Þelds (Ϸ30 spiders/m 2 ; Marshall et al. 2000) and can reduce herbivory by both consuming and inhibiting the foraging of herbivores (Nyffeler et al. 1994, Hlivko and . Mantids may reduce the ability of P. milvina to affect pest abundance by reducing P. milvina density through consumption, reduced reproduction, and increased emigration Eisenberg 1990, Moran et al. 1996) . In addition, those P. milvina that remain in areas with mantids may be less effective at reducing herbivory because of reduced movement and foraging in the presence of mantid cues. However, the negative effects of mantid cues on P. milvina may not have as much of a net change in herbivory if those cues also reduce the movment and foraging of herbivores. Further studies are needed to untangle the "infochemical web" involved in interactions between herbivores, intermediate predators (P. milvina), and top predators (T. a. sinensis), and to evaluate the net impact of introducing mantids on the biological control of agricultural pests (Dicke and Grostal 2001) .
While chemically mediated effects of predators are not uncommon and have the potential to contribute to community level effects (Schmitz et al. 1997) , few studies have investigated chemical interactions among native and introduced species. The results of this study suggest that chemically mediated effects of introduced predators on native predators should be considered before exotic species are introduced for biological control. The introduction of generalist predators can have negative impacts on the ability of native predators to reduce prey abundance through intraguild predation and interference (Polis et al. 1989 , Symondson et al. 2002 . Unfortunately, the net impact of introducing praying mantids on prey abundance relative to unmanipulated native predator communities is unknown. Additional studies of the interactions between introduced mantids and native predators (e.g., wandering spiders and Carabid beetles) should enhance our understanding of the net impact of this exotic predator on food web interactions in agricultural ecosystems.
